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Edited by Jesus AvilaAbstract The c-secretase complex, composed by presenilin, nic-
astrin, APH-1 and PEN-2, is involved in intramembranous pro-
teolysis of membrane proteins, such as amyloid precursor protein
or Notch. Cleavage occurs in multiple cellular compartments.
Here, nicastrin mutants containing targeting signals to the endo-
plasmic reticulum, trans-Golgi network, lysosomes, or plasma
membrane have been shown to yield active c-secretase complexes
with diﬀerent activities and speciﬁcities: wild-type and plasma
membrane nicastrin complexes yielded the highest amounts of
secreted amyloid-b peptide (Ab), predominantly Ab40, whereas
intracellular targeted mutants produced intracellular Ab, with
a comparatively higher amount of Ab42. These results suggest
that compartmental microenvironments play a role in c-secretase
activity and speciﬁcity.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The c-secretase complex plays an important role in the path-
ological production of amyloid-b (Ab) in Alzheimers disease
(AD) (reviewed in [1]). This complex is responsible for cleaving
several type I transmembrane proteins, such as amyloid pre-
cursor protein (APP) and Notch, within their membrane-span-
ning domains. c-Secretase activity is attributed to an integral
membrane complex composed by four transmembrane pro-
teins: presenilin (PS), nicastrin (NCT), presenilin enhancer 2
(PEN-2) and anterior pharynx-defective (APH-1). PS is the
catalytic core protein of the complex, NCT may have a role
in stabilizing the complex or create a substrate docking site
in the complex, APH-1 has been suggested to stabilize the
c-secretase complex, and PEN-2 may assist in the endoproteol-
ysis of PS during maturation of the complex.Abbreviations: AD, Alzheimers disease; APP, amyloid-b precursor
protein; PS1, presenilin 1; NCT, nicastrin; Ab, amyloid-b peptide; ER,
endoplasmic reticulum; TGN, trans-Golgi network; PM, plasma
membrane
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doi:10.1016/j.febslet.2008.01.003It has been shown that assembly of the c-secretase complex
occurs in the early compartments of the secretory pathway [2].
However, the cellular compartment where c-secretase is active
and presumably interacts with known substrates is still contro-
versial. Production of Ab has been shown to occur at the plas-
ma membrane (PM) [3], within the endosomal/lysosomal
system [4], in the trans-Golgi network (TGN) [5] and in the
endoplasmic reticulum/intermediate compartment (ER/IC)
[6]. The functional role of NCT in the diﬀerent cellular com-
partments may be of relevance for c-secretase activity and
speciﬁcity.
In this study NCT has been targeted to speciﬁc subcellular
compartments, and the c-secretase complex formed has been
found to be active. Enrichment of NCT at the plasma mem-
brane largely contributed to the production of secreted Ab.
On the other hand, enrichment of NCT in the ER, TGN and
lysosomes yielded predominantly intracellular Ab, with higher
Ab42:Ab40 ratios relatively to the plasma membrane targeted
mutant, which indicated that Ab42 was preferentially pro-
duced intracellularly.2. Materials and methods
2.1. Plasmid construction
Expression vectors coding for human NCT, PS1, APH-1a, PEN-2,
NotchDE, C99 have been previously described [7], and for mouse furin
it has been described by others [8]. Hemagglutinin (HA) epitope tagged
hNCT was generated by PCR with the reverse primer encoding the HA
epitope and using the untagged vector as template. The hNCT target-
ing mutants were obtained by PCR-based mutagenesis, and template
and primers were indicated in Table A (supplementary data). Brieﬂy,
hNCTER was generated with a reverse primer encoding the KK ER
retention signal two residues upstream the stop codon. hNCTTGN
was obtained by overlapping PCR techniques, with (a) and (b)
(Table A, supplementary data) representing the ﬁrst and the second
reactions, and (c) the overlapping reaction. In (a) a truncated sequence
of hNCT (1ATG to 2064TGT) with a ﬂanking 3 0 region
(2212TGTTCGGGC from furin sequence) was obtained; in (b) a nucle-
otide sequence corresponding to the cytoplasmic domain of furin
(2212TGT to 2377CTT) with a ﬂanking hNCT 5 0 region (2058AC-
CTACTGT) was obtained. Finally, in (c) an overlapping PCR reaction
was performed with a forward primer speciﬁc for hNCT and a reverse
primer speciﬁc for furin. hNCTLL and hNCTPM were obtained using
reverse mega-primers containing the C-terminal region of BACE
(1482GCTGATGACATCTCCCTGCTG) fused with 2109CCAG-
GAGCT of the cytosolic domain of hNCT, and the C-terminal region
of vesicular stomatitis virus (VSV) spike glycoprotein (1503TAC-
ACAGACATAGAGATGAACCGACTTGGAAAG) fused with
2118GTGTCATAC of the cytosolic domain of hNCT, respectively.
All products were cloned into pcDNA3.1D/V5-His TOPO vector
(Invitrogen). Mutations were conﬁrmed by DNA sequencing.blished by Elsevier B.V. All rights reserved.
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NCT-deﬁcient mouse embryonic ﬁbroblasts (NCT/ MEFs) have
been previously described [9]. HEK293T cells, HeLa cells and
NCT/ MEFs were cultured in Dulbeccos modiﬁed Eagles medium
with high glucose concentration (Gibco) supplemented with 10% fetal
bovine serum (Hyclone) and 1% penicillin/streptomycin.
For transient expression, all cells were transfected with 2 lg total
DNA at approximately 70% conﬂuence (approximately 1 · 106 cell)
with Lipofectamine2000 (Invitrogen) according to the suppliers pro-
tocol. For overexpression in HEK293T cells, quadruple transfections
with hPS1, hAPH-1, hPEN-2 and hNCT constructs (0.5 lg each
plasmid) were performed. For overexpression in NCT/ MEFs,
double transfections with hNCT and hPS1, NotchDE or APP-C99
constructs (1 lg each plasmid) were performed. The plasmid coding
green ﬂuorescent protein (pTARGET-GFP), a non-related protein,
was used to equalize the total amount of transfected DNA. HeLa
cells stably expressing hNCTwt, hNCTER, hNCTTGN, hNCTLL and
hNCTPM were obtained after selection with 5 mg/ml geneticin sulfate
(G418).
2.3. Antibodies
For immunoprecipitation, the following antibodies were used: rabbit
#1712 anti-V5 [10]; mouse anti-myc tag (clone 9E10); mouse ab14 anti-
PS1 [11]. Primary antibodies for Western blot were: mouse anti-V5 epi-
tope tag antibody (Invitrogen), rat monoclonal anti-PS1 (Chemicon),
rabbit anti-Notch-Val1744 (Cell Signalling Technology) (this antibody
detects the cytosolic domain of notch 1 only when cleaved between
Gly1743 and Val1744, the cleavage site mediated by c-secretase). For
immunoﬂuorescence microscopy, primary antibodies were rabbit
anti-HA epitope tag (1/200) (Covance), mouse anti-ERGIC-53 (1/Fig. 1. Characterization of hNCT targeting mutants. (A) Schematic repres
detection purposes. (B) Western blot analysis of hNCT targeting mutants o
immature (im-hNCT) and mature forms (m-hNCT) of hNCT were indicated500), mouse anti-GM130 (1/250) (BD Bioscience), sheep anti-TGN46
(1/200) (Serotec), mouse anti-EEA-1 (1/100) (BD Bioscience), mouse
anti-LAMP-1 (1/200) (BD Bioscience).
2.4. Western blot analysis, cell surface biotinylation, and
immunoprecipitation
Western blot analysis and immunoprecipitation assays were per-
formed as previously described [7]. Cell surface proteins were biotinyl-
ated as described before [12].
2.5. Immunoﬂuorescence microscopy
For immunoﬂuorescence confocal microscopy HeLa cells stably
expressing hNCT targeting mutants were grown on glass coverslips
to half-conﬂuence, ﬁxed, permeabilized, blocked and incubated with
antibody solutions as previously described [7]. The labelled cells were
examined on a Leica Confocal (SP2 + AOBS) microscope. Each pic-
ture consisted of a z-series of 20 images of 1024 · 1024 pixel resolution
with a pinhole of 1.0 Airy unit. Colocalization was performed using the
open source Image J software version 1.30 (http://www.rsb.info.nih.
gov/ij/).2.6. Ab measurements using sandwich ELISA
The sandwich ELISA technique used to quantify Ab levels is well
described [13]. Conditioned cell culture medium was analyzed for
secreted extracellular Ab, and cell lysates were analyzed for soluble
intracellular Ab. Monoclonal antibody BNT77, directed against amino
acids 11–16 of Ab, was used as a capturing antibody. End-speciﬁc,
HRP-conjugated monoclonal antibodies BA27 and BC05, for Abx–
40 and Abx–42, respectively, were used for detection purposes. Sam-entation of hNCT targeting mutants. Mutants have the HA tag for
verexpressed in HEK293T cells. Primary antibody: anti-HA tag. The
.
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MRX Revelation. Results were calibrated with standard curves using
synthetic Ab1–40 and Ab1–42 peptides (Bachem Bioscience). The
BNT77 ELISA was used to measure the levels of Ab1–40 and Ab1–
42, as well as Ab11–40 and Ab11–42.3. Results and discussion
3.1. Construction of the hNCT targeting mutants
To investigate if localization of hNCT aﬀects the activity
and speciﬁcity of the c-secretase complex, hNCT mutants con-
taining targeting signals to subcellular compartments have
been constructed (Fig. 1A). To target hNCT to the endoplas-
mic reticulum (hNCTER), we generated a mutant containing
a dilysine (KK) ER-retention motif at its C-terminus. To tar-
get hNCT to the trans-Golgi network (TGN) (hNCTTGN),
the cytoplasmic domain of hNCT was replaced with the cyto-
plasmic domain (738C to 793L) of murine furin, a type I protein
whose cytoplasmic tail has been shown to eﬀectively target
type I proteins to the TGN [8,14]. To target hNCT to late
endosomes/lysosomes (hNCTLL), the cytoplasmic domain
was fused with a C-terminal dileucine motif present on BACE
(DDxxLL), previously described to be required for its normal
targeting to that intracellular location [15]. To target hNCT to
the plasma membrane (PM) (hNCTPM), the cytoplasmic
domain was fused with the C-terminus of vesicular stomatitisFig. 2. Localization of hNCT targeting mutants. (A) Immunoﬂuorescence co
in HeLa cells. Primary antibodies: rabbit anti-HA to detect hNCT mutants,
mouse anti-EEA-1 and mouse anti-LAMP-1. Secondary antibodies: anti-rab
coupled to Alexa 488 (green). Arrowheads indicate colocalization areas (ye
analysis of biotinylated hNCT targeting mutants transiently expressed in HEK
equivalent to one tenth was applied for cell lysates (middle panel, input).
Immature (im-hNCT) and mature (m-hNCT) hNCT were indicated.viral spike glycoprotein, which contains the YxxI motif that
is suﬃcient to mediate targeting of this viral glycoprotein to
the PM [16]. Western blot analysis of hNCTwt and mutants
revealed that hNCTTGN, hNCTLL and hNCTPM from
transiently transfected HEK293T cells presented the typical
double-band pattern comparable with hNCTwt: an approxi-
mately 110 kDa immature form and an approximately
130 kDa mature form (Fig. 1B, im-hNCT and m-hNCT,
respectively). hNCTER, detected at low levels, failed to under-
go complex glycosylation presenting only an immature form
and no mature form (Fig. 1B, higher exposure).
3.2. Cellular localization of the hNCT targeting mutants
hNCT targeting mutants were detected in the cell by immu-
noﬂuorescence confocal colocalization studies and biotinyla-
tion of PM proteins. Colocalization was performed in stably
transfected HeLa cells treated with CHX, a protein synthesis
inhibitor, for 6 h, to enable newly synthesized material to reach
its ﬁnal cellular destination (Fig. 2A). Results obtained showed
that hNCTwt partially colocalized with the TGN resident pro-
tein TGN-46 (Fig. 2A, arrowheads), and to a lower extent with
the cis-Golgi protein GM130. As expected, hNCTTGN showed
signiﬁcant colocalization with the trans-Golgi network marker
TGN-46 (Fig. 2A, arrowheads). hNCTLL partially colocalized
with the lysosomes associated membrane protein-1 (LAMP-1)
(Fig. 2A, arrowheads). Colocalization was not observed withnfocal microscopy hNCTwt, hNCTTGN and hNCTLL stably expressed
and mouse anti-ERGIC-53, mouse anti-GM130, sheep anti-TGN-46,
bit IgG coupled to Alexa 594 (red) and anti-mouse or anti-sheep IgG
llow). Magniﬁcation: 630-fold, zoom 2. Bar: 10 lm. (B) Western blot
293T cells. Primary antibody: anti-HA tag (upper panel, Biotinyl). The
As control endogenous calnexin (CNX) was analysed (lower panel).
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1). hNCTER was below the detection level by confocal immu-
noﬂuorescence microscopy. For all mutants there was a lower
level of detection in the compartments analysed being more
evident for the ERGIC, the cis-Golgi and the TGN. This
was probably due to recycling events that are known to occur
within the secretory pathway [17].
To verify if hNCTPM was targeted to the plasma membrane
biotinylation assays were performed with transiently transfec-
ted HEK293T cells, and biotinylated hNCT and mutants were
analyzed by Western blot (Fig. 2B). Mature hNCTPM and ma-
ture hNCTwt were strongly enriched in the biotinylated frac-
tion proving that the mutant, similarly to the wild-type, were
targeted to the plasma membrane. Mature hNCTLL and ma-
ture hNCTTGN were found at the plasma membrane only to
minor extents. Biotinylated immature form was found in
approximately equivalent amounts for all the mutants and
was probably a consequence of transient overexpression. As
a control, calnexin (CNX), an intracellular membrane protein
resident in the ER, was almost undetectable in the biotinylated
fraction when compared to total extract (Fig. 2B).
Altogether, the co-localization and biotinylation results
showed the enrichment of the diﬀerent mutants in the pre-
dicted subcellular compartments. This was corroborated by
the diﬀerences of activities/speciﬁcities shown in Section 3.4
for the diﬀerent mutants.
3.3. Association of the hNCT targeting mutants to form an
active c-secretase complex
To conﬁrm that mutations within the cytosolic domain did
not aﬀect the association of hNCT mutants with the other c-
secretase components, hPS1, hAPH-1, hPEN-2 and eachFig. 3. hNCT targeting mutants form an active c-secretase complex. (A) W
secretase components. HEK293T cells overexpressing hNCTwt or targeting m
hAPH-1-V5 and hPEN-2 (second panel); or hPS1, hAPH-1 and hPE
Immunoprecipitations were with the following antibodies: anti-PS1 (ﬁrst
hPEN-2-V5 (third panel). Western blot analysis: anti-HA tag antibody to d
cell lysates (input) were directly analyzed for hPS1, hAPH-1-V5, hPEN-2-V5
hPS1 co-expressed in NCT/ MEFs with hNCT targeting mutants. Primary
and anti-HA tag for hNCT. (C) Western blot analysis of NICD, proteoly
targeting mutants. Primary antibodies: anti-Notch1744 antibody that recognhNCT mutant were co-expressed in HEK293 cells. hPS1,
hAPH-1 and hPEN-2 were then immunoprecipitated with
the corresponding antibodies, and each hNCT mutant was de-
tected in the immunoprecipitates by Western blot analysis
(Fig. 3A). The results showed that all hNCT mutants associ-
ated with the other known c-secretase components, indicating
that the mutations of hNCT did not alter its ability to associate
with other c-secretase components. This occurs most probably
due to the fact that all mutants conserved the transmembrane
domain that has prior been identiﬁed to be responsible for the
association of hNCT with the other c-secretase components
[7], and further supports other studies that have indicated that
the cytosolic integrity does not inﬂuence association [18].
Previous studies have shown that the presence of hNCT is
required for endoproteolysis of PS1 to occur [9]. To verify if
hNCT mutants were capable of inducing endoproteolysis of
hPS1 in this cell line leading to the formation of a putatively
active c-secretase complex, NCT/ MEFs were cotransfected
with hPS1 and hNCT mutants, and analysed by Western blot.
Endoproteolysis of PS1 was rescued when hNCTwt, as well as
the mutants, were overexpressed in these cells (Fig. 3B), there-
fore, yielding an assembled and potentially active c-secretase
complex.
To further assess whether hNCT mutants formed an active
c-secretase complex, the functional assay that consists of cleav-
age of NotchDE, which is a truncated form of Notch that does
not require ligand-induced ectodomain shedding to become a
c-secretase substrate, was performed. NCT/ MEFs were
cotransfected with NotchDE and the hNCT mutants. Western
blot analysis showed that overexpression of hNCTwt, as well as
hNCT targeting mutants, in NCT/ cells was capable of
restoring NotchDE cleavage as judged by the release of theestern blot analysis of hNCT targeting mutants associating with c-
utants, together with hPS1, APH-1 and hPEN-2 (ﬁrst panel); or hPS1,
N-2-V5 (third panel) were lysed in 1% CHAPSO lysis buﬀer.
panel); anti-V5 tag for hAPH-1-V5 (second panel) and anti-V5 for
etect co-immunoprecipitated hNCT targeting mutants. Corresponding
and hNCT. (B) Western blot analysis of endoproteolytic products of
antibodies: anti-PS1 antibody that recognizes PS1-FL and PS1-NTF,
tic product of NotchDE, co-expressed in NCT/ MEFs with hNCT
izes NICD, and anti-HA tag for hNCT.
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recovered its activity when it contained any of the NCT mu-
tants distinctly targeted in the cell.
3.4. Eﬀect of hNCT targeting mutants on c-secretase complex
activity and speciﬁcity
The Ab proﬁle obtained as result of expression of the hNCT
mutants was analysed by the highly sensitive and reliable Ab
sandwich BNT77 ELISA assay [13,19]. For this, medium from
NCT/ MEFs overexpressing C99 and hNCT targeting mu-
tants were analyzed (Fig. 4A and Table 1). C99 is a truncated
form of APP that corresponds to the 99-amino acid C-terminal
fragment of APP that remains attached to the membrane after
b-secretase cleavage, and which is further processed by the c-
secretase complex giving rise to the Ab peptide.Fig. 4. ELISA analysis of Ab species obtained from C99 cleavage in NCT/
and corresponding cell extracts (approximately 2 · 105 and 4 · 105 cell, respec
ELISA (see Section 2). Results are from two independent experiments, one
compared between each mutant and hNCTwt, and statistical analysis was perf
hoc comparison, where *** equals p < 0.0001 (secreted Ab40), ### equals p < 0
(Graph Pad Prism5 software). (B) Western blot analysis of hNCT targeting
Table 1
Analysis of secreted and soluble intracellular Ab from NCT/ cells express
hNCT target mutants
hNCTwt hN
Total extracellular Ab 22.1 0
Total intracellular Ab 47.3 15
Total intracellular Ab/total extracellular Ab 2.14 17
Extracellular (Ab42/Ab40) 0.07 0
Intracellular (Ab42/Ab40) 0.26 0
Raw values obtained in Fig. 4 were used to calculated total Ab and Ab42/A 40
Ab were expressed in fmol/ml.BNT77 ELISA revealed that hNCTwt was capable of rescu-
ing Ab production with 22.1 fmol/ml secreted Ab and
47.3 fmol/ml intracellular soluble Ab, in Ab42:Ab40 molar
ratios of 0.07 and 0.26, respectively (Fig. 4A, Table 1). This
indicated that the predominant secreted form was Ab40,
whereas intracellularly there was comparatively higher accu-
mulation of Ab42.
From all the targeting mutants, hNCTPM yielded higher
amounts of Ab species and revealed an approximately 2-fold
statistically signiﬁcant increase in total secreted Ab
(54.3 fmol/ml) when compared to hNCTwt (p < 0.0001) with
predominance of Ab40 (Fig. 4A, Table 1). On the contrary,
the corresponding intracellular soluble pools showed no diﬀer-
ences between hNCTwt and hNCTPM. Statistical analysis for
comparison of each mutant with NCTwt was performed by ﬁbroblasts co-expressed with hNCT targeting mutants. (A) Medium
tively) prepared in RIPA lysis buﬀer were analyzed for Ab by sandwich
in duplicate and the other performed 6-fold. Ab concentrations were
ormed using the one-way ANOVA method followed by Dunnetts post
.0001 (intracellular Ab40), and nn equals p < 0.001 (intracellular Ab42)
mutants, with anti-HA tag as primary antibody.
ing the hNCT targeting mutants
CTER hNCTTGN hNCTLL hNCTPM
.9 2.7 1.7 54.3
.6 17.6 13.4 46.7
.12 6.53 8.10 0.86
.30 0.30 0.24 0.07
.29 0.36 0.36 0.27
ratio. Values obtained for total extracellular Ab and total intracellular
432 V.A. Morais et al. / FEBS Letters 582 (2008) 427–433the one-way ANOVA method, followed by Dunnetts post hoc
test (Fig. 4A). The intracellularly targeted mutants hNCTER,
hNCTTGN and hNCTLL led to the production of almost unde-
tectable levels of secreted Ab species when compared to
hNCTwt. On the other hand, they led to decreased production
of intracellular Ab species to approximately one third of
hNCTwt. Analysis of hNCT in the corresponding cell lysates
showed that the variation in Ab production observed between
diﬀerent hNCT mutants was not due to diﬀerences in protein
expression levels (Fig. 4B). Furthermore, the decrease in se-
creted Ab production for the intracellularly targeted mutants
was probably not the consequence of the inhibition of c-secre-
tase complex activity, since NCT mutations did not aﬀect
assembly of the complex, PS1 endoproteolysis or NotchDE
cleavage as shown in the previous section. Also supporting
this, was the observation that for the intracellularly targeted
mutants the production of secreted Ab was almost abolished
whereas production of intracellular soluble species was still de-
tected at good levels. The reduction observed was probably a
consequence of physical characteristics or substrate availabil-
ity in the diﬀerent compartments. Therefore, these results alto-
gether showed that c-secretase activity from the plasma
membrane was responsible for the majority of secreted Ab spe-
cies.
The intracellular Ab pools showed a relative predominance
of Ab42 with intracellularly targeted mutants presenting
Ab42:Ab40 ratios between 0.29 and 0.36, whereas the corre-
sponding extracellular ratios for hNCTwt and hNCTPM were
both 0.07 (Table 1). The intracellular Ab pools for hNCTPM
also favoured Ab42. In agreement, previous reports have
shown that the ratio of secreted Ab favours Ab40 over Ab42
at a ratio of 20:1, and that intracellular Ab40 and Ab42 were
detected at a lower ratio of 3:1 [20]. Intracellular Ab42 has
been proven to be toxic to the cell, leading to cell death and
can further serve as a nidus for extracellular plaque formation
[21].
The diﬀerences observed concerning the amount and type of
Ab species produced in diﬀerent cellular compartments may be
the consequence of distinct physical characteristics of those
compartments such as membrane lipid composition, including
cholesterol content, or pH. Such diﬀerences could result in
conformational changes of c-secretase components. For exam-
ple, conformational changes of NCT could have a high impact,
since NCT may be responsible for substrate recognition and
‘‘docking’’ events [22].
In summary, the results showed that the c-secretase complex
was active at the PM where it produced the highest amount of
Ab, predominantly Ab40, but also intracellularly where it
yielded a comparatively higher amount of Ab42. Therefore,
the assembled c-secretase complex was active within diﬀerent
subcellular compartments, with compartment microenviron-
ment playing a functional role towards the activity and speci-
ﬁcity of the cleavage event.
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